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Abstract 
In growth plate cartilage the mineraliza-
tion starts extracellularly in the lower hyper-
trophic zone. The mineral formed is the calcium 
phosphate apatite. Enough calcium and phosphate 
must be available at the mineralization front as 
well as in regions with proceeding mineraliza-
tion. There must be a transport of Ca (and 
phosphate) to these sites. 
Electron probe X-ray microanalysis is a well 
established method to analyze element concentra-
tions in small volumes, but it cannot discrimi-
nate isotopes. Strontium is similar to Ca in its 
chemical and biological behaviour and is there-
fore a suitable tracer to investigate the 
transport of Ca. 
Small amounts of Sr (0.1 g per kg body 
weight) were administered intraperitoneally to 
young rats. After definite intervals of time 
ranging from 10 to 120 min, 2-4 rats were killed. 
On freeze dried cryosections the Sr/Ca ratio of 
the serum and of the intra- and extracellular 
space of the growth plate were measured. The 
Sr/Ca ratio reaches its maximum after about 10 
min in the serum and after 20 min in the extra-
cellular space of growth plate cartilage. The 
intracellular Sr/Ca ratio shows large variations 
because of the low intracellular Ca and Sr 
concentration, and is lower than the extracellu-
lar ratio for times shorter than 30 min. No 
significant differences were found between the 
different cell zones of the unmineralized growth 
plate cartilage. The results demonstrate that the 
transport of Ca to the growth plate cartilage is 
relatively fast and that in growth plate 
cartilage, Ca is transported extracellularly, not 
intracellularly. 
~Words: Electron probe microanalysis, stron-
tium, calcium, growth plate, cartilage, mineral-
ization. 
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Introduction 
The growth of long bones takes place in the 
epiphyseal growth plate. According to the morpho-
logy, the growth plate can be divided into dif-
ferent zones (Fig. 1): starting at the epiphyseal 
side, the th~ee zones of the unmineralized growth 
plate are (1) the resting cell zone with only few 
cells, (2) the columnar zone, where the cells lie 
in rows and are relatively small and oval shaped, 
and (3) the hypertrophic cell zone, where cells 
increase in size and become more spherical. In 
the "lower hypertrophic" cell zone or "zone of 
beginning mineralization", the cells continue to 
increase in volume, and the mineralization starts 
extracellularly. The mintral content of the 
extracellular space increases until the "fully" 
mineralized cartilage is reached. The beginning 
of crystal formation is of course one of the 
important steps in the mineralization process 
besides several other steps (e.g. the synthesis 
of an appropriate matrix, or finally the conver-
sion of mineralized cartilage into bone). 
The mineral that is formed is the calcium 
phosphate apatite. Therefore Ca and phosphate 
must be transported to the mineralization front 
(of course also to the sites where the minerali-
zation proceeds), so that enough calcium and 
phosphate ions are present to form the mineral. 
Electron probe X-ray microanalysis (EPMA) 
allows the determination of element concentra-
tions in small volumes (e.g. cells or even sub-
cellular structures). However, EPMA can discrimi-
nate only elements, not isotopes. Therefore it is 
not possible to study the transport of an element 
by its isotopes (e.g. as in autoradiography). 
Consequently, another element has to be used as 
tracer, which behaves like the element under 
investigation and which is not present in the 
tissue. For calcium, a suitable tracer is 
strontium, as strontium is similar to calcium in 
many biochemical reactions (review: Skoryna 
1981). Kshirsagar (1985) demonstrateu that bone 
does not discriminate between Ca and Sr. Marie et 
al. (1985) and Grynpas and Marie (1990) demon-
strated that Sr does replace Ca in bone and that 
additional Sr has some influence on bone 
formation which depends on the dose and is small 
for low doses of Sr. 
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Fig. 1: Epiphyseal growth plate of a rat. 
Micrograph taken with the absorbed electrons (AE, 
left) and calcium distribution map (Ca. right. 
Calcium rich regions white). Bar= 50 µm. 
E=mineralized region, epiphyseal side. 
R=resting cell zone, 
(=columnar cell zone 
H=hypertrophic cell zone 
BM=zone of beginning mineralization 
M=mineralized cartilage (metaphyseal side) 
Sometimes Sr has already been used in EPMA 
as tracer for calcium, e.g. Uhrik and Zacharov 
(1988) and Wroblewski et al. (1989). In an 
earlier paper (Krefting et al., 1988), we have 
used Sr to investigate the transport of Ca in 
growth plate cartilage for relatively short times 
after the injection of Sr (up to 5 min); only few 
preliminary results in the columnar zone were 
given for times up to 60 min. This present paper 
is concerned with longer times after the injec-
tion of Sr (up to 120 min) to establish more 
exactly the time course of Sr in blood serum and 
in the three cell zones of the unmineralized 
growth plate after Sr application. 
A review of EPMA of growth plate cartilage 
is given by Appleton (1987). 
Materials and Methods 
Young Wistar rats (female,body weight 50-809) 
were used in this study. 0.1 g Sr per kg body 
weight were administered intraperitoneally (i.p.) 
as isotonic strontium chloride solution (100 mM). 
After definite times from 10 to 120 min, rats 
(anaesthetized with ether) were decapitated and 
the blood collected for analysis. The proximal 
part of the right tibia was rapidly excised, 
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cleaned from surrounding tissue, divided into 
small pieces, and frozen in liquid propane cooled 
by liquid nitrogen (LN2). These pieces were 
stored under LN2. The growth plates were trimmed 
under LN2. 4-5 µm thick, longitudional sections 
(as shown in Fig. 1) were cut jn a cryochamber 
(temperature of the chamber -}O C, that of the 
knife and specimen holder -50 C). The sections 
were transfered onto a thin pioloform film 
streched over an aluminium tube (open diameter 
8 mm, coated with the conducting carbon cement 
CCC to minimize extraneous X-rays). Another thin 
pioloform film was placed on top and the section 
slightly pressed. The sections were transported 
to the precooled specimen stage of an evaporator 
in a contginer cooled by LN2. In high vacuum 
(about 10- mbar), the sections warmed up slowly 
and freeze dried. Finally they were coated with 
carbon. 
The blood was centrifuged, the serum frozen 
in LN2 and prepared and analyzed further in the 
same manner as the growth plates. 
For analysis, a microprobe (CAMECA MS46) 
with 3 wavelength dispersive (WO) and an energy 
dispersive (ED) system (EDAX 707) was used. The 
conditions were: 35 kV accelerating voltage, 10 
nA probe current, 100 sec counting time ~peak 
and background). An area of lxl to 4x4 µm was 
scanned during the analysis. Because of the low 
Sr concentration two WO systems were used for the 
analysis of Sr (L-line; diffracting crystal: TAP) 
and one for Ca (K-line; crystal: PET). 
For quantification, the continuum method 
(Hall equation, e.g. Krefting et al. 1981) was 
used, the energy range for the continuum was 4.5-
7.7 keV. As standards, thin preparations of SrC12 
and CaC12 were used (sprayed as solution onto the 
supporting film, frozen in LN2, freeze dried and 
carbon coated) (Krefting et al. 1981). 
Sections of 23 growth plates were analyzed. 
Three of them demonstrated very low Sr concen-
trations in the growth plate and in the serum and 
were omitted (probably the Sr injection was not 
correctly performed). 2 growth plates were used 
which had a duration of 10 min after the injec-
tion of Sr, 2 for 15 min, 3 for 20 min, 3 for 30 
min, 4 for 60 min, 3 for 90 min, and 3 for 120 
min. 8 intra- and 8 extracellular analyses were 
performed in each of the cell zones of growth 
plate cartilage (resting, columnar, and hypertro-
phic zone, see Fig. 1). The mineralized areas 
could not be analyzed because the mass thickness 
is too high to apply the continuum method. 
From the serum, the same number of specimens 
were analyzed; only one specimen could be analy-
zed for a duration of 10 min, and in addition one 
specimen for a duration of 5 min and four 
controls were analyzed. 
Results 
In this paper, the Sr/Ca ratio is used 
mainly to demonstrate the effects of Sr. Sr is 
injected i.p., so that it must be absorbed by the 
blood before being transported to the growth 
plate (and other organs). Fig. 2 shows the uptake 
of Sr in blood serum: The Sr/Ca ratio increases 
soon after the i. p. inject ion, reaches its 
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Fig. 2: Sr/Ca ratio (by weight) of blood serum in 
dependence on the time after i.p. injection of 
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Fig. 3: Extracellular Sr/Ca ratio (by weight) of 
the columnar zone in dependence on the time after 
i.p. injection of Sr. Mean± SD. 
maximum after about 10 min with a Sr/Ca ratio of 
about 1 (ratio by weight; i.e. molar· ratio about 
0.5). After 2 h the Sr/Ca ratio is reduced to a 
value of about 0.1. 
Fig. 3 shows the Sr/Ca ratio in the extra-
cellular space of the columnar zone. The maximum 
Sr/Ca ratio reached is nearly the maximum serum 
value (1 by weight or 0.5 molar ratio) and is 
reached after about 20 min. The decrease is more 
slow than in the blood serum and the Sr/Ca ratio 
falls to about 0.2 after 2 h, about twice the 
value of the serum. 
The Sr/Ca ratios of the extracellular space 
of the resting, columnar, and hypertrophic cell 
zone are shown in Fig. 4. It demonstrates that 
the Sr/Ca ratio is nearly the same in all zones 
of the unmineralized growth plate. 
The intracellular Sr/Ca ratios of the three 
cell zones (Fig. 5) demo~strate again, that no 
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Fig. 4: Extracellular Sr/Ca ratio (by weight) of 
the resting, columnar, and hypertrophic cell zone 
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Fig. 5: Intracellular Sr/Ca ratio (by weight) of 
the resting, columnar and hypcrtrophic cell zone 
at different times after i.p. injection of Sr. 
zones. Obviously the intracellular Sr/Ca.ratio 
decreases for a duration after Sr injection 
longer than 60 min, but the time of the maximum 
could not be determined because of the large 
variation of the values between 10 and 30 min. 
The intracellular Sr/Ca ratio shows larger varia-
tions than the extracellular one. The coefficient 
of variation is 40-50%. It must be mentioned, 
that the intracellular Ca and Sr concentrations 
are lower than the extracellular one. The mean Ca 
concentration of all measurements (n=l60) in the 
columnar zone is 
extracellularly: 3.6±0.4 g/kg dry mass 
intracellularly: I.0±0.5 g/kg dry mass. 
According to Figs. 4 and 5, the intracellu-
lar Sr/Ca ratio is lower than the extracellular 
one for a duration up to 60 min. For the 
intervals of time of 90 and 120 min, the values 
are nearly the same. 
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Discussion 
Detection of Sr. The applied Sr dose is 
relatively low resulting in relatively low Sr 
concentrations and in a maximum Sr/Ca ratio of 
about 1 by weight (molar ratio about 0.5) in the 
serum and extracellular space. Using an energy 
dispersive system, a problem arises because the 
Sr-L line (energy E=l.81 keV) overlaps with the 
Si-Kline (E=l.74 keV) and the intensity of the 
Sr-Kline (E=l4.l keV) is very low. Therefore we 
have analyzed the Sr-L line with a wavelength 
dispersive system. 
An estimation of the detection limit for Sr 
gives a value of about 0.2 g/kg, so that the 
minimal Sr/Ca ratio detectable is about 0.05 in 
the extracellular space (Ca concentration about 
4 g/kg) and 0.2 in the intracellular space (Ca 
concentration 1 g/kg). All measured Sr/Ca ratios 
are above this limit (except for serum of control 
animals). 
ir in blood serum. Sr had to be applied 
i.p., as it was not possible to inject it 
directly into a blood vessel. The uptake of Sr 
into the blood is relatively fast. The maximum is 
reached after about 10 min in accordance with our 
earlier results (Krefting et al. 1988). The 
decrease of Sr takes place more slowly than given 
in Krefting et al. (1988). 40 min after the 
injection the Sr/Ca ratio has decreased only to 
0.5 and after 2 h to 0.1. Wroblewski et al. 
(1989) have used adult rats with a body weight of 
about 170 g and have injecled about 0.06 g Sr per 
kg body weight i.p. (nearly 2/3 of our quantity). 
After 1 h they have found a Sr/Ca ratio in blood 
serum of about 0.4 (most probably the molar 
ratio, which would be about 0.8 by weight) and 
the Sr/Ca ratio is still the same after 4 h. 
Whether this discrepancy is due to the fact that 
we have used young rats while they have used 
adult rats or whether there is another reason, is 
not known. 
It should be mentioned, that the direct in-
jection of Sr into the blood might give a better 
defined and more simple time dependence of Sr in 
the blood and thus an easier interpretation of 
the time dependence of Sr in the tissue analyzed. 
Sr in growth plate cartilage. The results 
(Figs. 2-4) demonstrate a delay between the in-
crease and decrease of Sr in the serum and in the 
extracellular space of the growth plate carti-
lage. This seems to be due to the fact that the 
growth plate cartilage of rats does not contain 
blood vessels and that Sr must therefore pass 
some tissue before reaching the growth plate. The 
delay seems to be in the range of 5-10 min. 
The intracellular Ca and Sr concentrations 
are low, so that the Sr/Ca ratio shows a rela-
tively large standard deviation of 40-50%. In 
addition there is some risk of an uncontrolled 
diffusion of Ca and Sr between the intra- and 
extracellular space e.g. because of a damage of 
the cell membrane in the course of the prepara-
tion (Krefting 1985, Appleton 1987). Therefore 
the variation of the values is relatively high 
and the time dependence not well defined. The 
intracellular Sr/Ca ratio is lower than the 
extracellular ratio for a duration of 10-30 min 
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after Sr injection while for 60-120 min the Sr/Ca 
ratios are similar. On the contrary the prelimi-
nary results (Kreftin9 et al. 1988) always showed 
nearly the same Sr/Ca ratio intra- and extra-
cellularly. 
Transport of Ca in growth plate 
Sr is transported nearly in the same 
that the results for Sr presented 
hold true also for Ca. Some 
conclusions may be drawn: 
cartilage. 
way as Ca so 
above should 
additional 
(a) No difference could be found between 
the Sr/Ca ratios of the resting, columnar, and 
hypertrophic cell zone. Ca (and Sr) is used to 
form the mineral in the zone of beginning minera-
lization and thus Ca and Sr must have been trans-
ported to this region. We did not find a gradient 
of the Sr/Ca ratio in growth plate cartilage 
which could cause such a diffusion. Thus either 
the amount of Ca and Sr used to form the mineral 
supplied from the growth plate cartilage is very 
small (i.e. the mineral grows relatively slowly 
or most of the Ca and Sr is coming from the 
other, the metaphyseal side) or the diffusion in 
the growth plate is so fast, that no gradients 
are measurable. This latter assumption seems to 
hold true, as the diffusion of Sr in growth plate 
cartilage is relatively fast (Krefting et al. 
1988). 
(b) The intracellular Sr/Ca ratio is lower 
than the extracellular one for times shorter than 
30 min. Consequently either the transport of Sr 
into the cells from the extracellular space is 
hindered (e.g. by the cell membrane) or there is 
some firmly bound intracellular Ca which did not 
exchange for Sr in our experiment. 
(c) The intracellular Sr/Ca ratio and Ca 
concentration are lower than the extracellular 
ones, so that an intracellular Ca transport to 
the mineralization front must be excluded. A 
significant transport can occur only through the 
extracellular space along the long septae. 
(d) No significant differences were found 
between the Sr/Ca ratios of the three zones of 
the unmineralized growth plate, so that an accu-
mulation of (bound) Ca cannot exist in the cells 
of the hypertrophic cell zone. Such an accumula-
tion of intracellular Ca was relatively often 
reported (review: Wuthier 1982, Appleton 1987). 
Our finding, that there is no Ca accumulation is 
in accordance with e.g. Appleton 1987. 
Conclusion 
This paper confirms, that Sr can be used as 
tracer for Ca also for mineralizing tissues. 
Results have been received, that could not have 
been obtained otherwise. Further studies may give 
information on the dynamics of the forming 
mineral itself. 
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Discussion with Reviewers 
H. Mishima: Do you think that any Sr ions 
substitute for Ca ions in the apatite crystal of 
growth plate cartilage? 
Authors: Yes - for low doses of Sr. However, the 
lattice is changed with increasing Sr-content 
[Grynpas and Marie, 1990: text reference]. Pro-
bably the maximum Sr content attainable in Ca-
apatite is 25 atom-% and 10 atom-% in bone 
[Skoryna SC (ed.) Handbook of stable strontium. 
Chap. 32. Plenum Press, New York., 1981] with 
some discrimination against Sr [Kobayashi E, 
Sugihira N, Suzuki KT: Biological discrimination 
between calcium and strontium in kidneys and bone 
of young and adult rats. Biol Trace Element Res 
1991, 28, 187-194]. 
G. Roomans: The Sr concentration decreases both 
in serum and in bone tissue after about 20-30 
min. Where does the Sr go? Is it excreted by the 
kidneys? 
Authors: Only a small portion of Sr is excreted 
by the kidney (and feces) [Bronner F, Aubert JP, 
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Richelle J, Saville PD, Nicholas JA, Cobb JR: 
Strontium and its relation to calcium metabolism. 
J Clin Invest 1963, 42, 1095-1103], so that most 
of the Sr is built into the mineral of the bone. 
M.B.Enqel: Do You have data on the concentration 
of phosphorus in the various extracellular re-
gions? Values for Sr/P and Ca/P might reveal a 
concentration gradient and would be useful in 
confirming the stochiometric substitution of Sr 
for Ca. 
Authors: In the growth plate cartilage, the 
extracellular P concentration is very low (about 
lg/kg dry mass) [Krefting ER, Lissner (Willner) 
G, Hohling HJ: Quantitative electronprobe 
microanalysis of the epiphyseal growth plate. J 
Phys (Paris) 1984, 45, suppl CZ, 465-468]. The 
Ca/P and the Sr/P ratio might be important 
studying the transport of Ca and Sr and the 
mineralization. In the present study, however the 
extracellular P concentration was not determined. 
J.Appleton: Are You satisfied that tissue damage 
was minimal and insignificant during the prepara-
tion procedure? The matrix for example is 
hydrated and uncontrolled ice crystal growth 
would alter the distribution of ions. 
Authors: Yes, we are satisfied. Areas of 2x2 µm2 
were analyzed. Normally the ice crystals are 
smaller than this size and are of no consequence. 
A damage of the cell membrane is unlikely because 
the gradient of Na, K, and Ca across the cell 
membrane was always relatively high. 
J. Appleton: How does the structure and composi-
tion of the extracellular matrix facilitate the 
rapid transport of both Ca and phosphate ions and 
what changes take place to stop this process and 
initiate crystallite formation 7 
Authors: Most important for the rapid transport 
of Ca (and Sr) seems to be that no membrane or 
continuous cell layer is present. In addition, 
the matrix contains enough water for the trans-
port and the macromolecules in the long septae 
(e.g. collagen) are oriented in longitudional 
direction (the direction of the Ca transport). 
The transport of phosphorus was not analyzed. The 
initiation of the mineralization is still an un-
solved question. Most probably organic structures 
(e.g. matrix vesicles or special sites of colla-
gen or of proteoglycans) accumulate Ca. Phosphate 
may be supplied locally by phosphatases which set 
free phosphate from macromolecules. 
H. Mishima: Backscattered electrons are most use-
ful for discriminating areas of different atomic 
numbered elements in the specimen. Could you ex-
plain the reason why you have used the absorbed 
electrons? 
Authors: The specimens are thin and transparent. 
Absorbed electrons (AE) are the electrons 
absorbed in the specimen and in the specimen 
holder (a cylinder with a diameter of 8 mm and a 
height of 1 cm). The AE-detector resembles a 
darkfield transmission detector and is also very 
effective in analyzing different atomic numbers. 
